Path integration is an evolutionarily conserved navigation strategy in which an organism updates an internal estimate of its position relative to the external world by integrating over time a movement vector representing distance and direction traveled 1-4 . Accurate path integration requires a finely tuned gain factor that relates the animal's self-movement to the updating of position on the internal "cognitive map," with external landmarks necessary to correct positional error that eventually accumulates 5,6 . Path-integration-based models of hippocampal place cells and entorhinal grid cells treat the path integration gain as a constant 6-11 , but behavioral evidence in humans suggests that the gain is modifiable 12 . Here we show physiological evidence from hippocampal place cells that the path integration gain is indeed a highly plastic variable that can be altered by continuous conflict between self-motion cues and feedback from external landmarks. In a novel, augmented reality system, visual landmarks were moved in proportion to the animal's movement on a circular track, creating continuous conflict with path integration. Sustained exposure to this cue conflict resulted in predictable and sustained recalibration of the path integration gain, as estimated from the place cells after the landmarks were extinguished. We propose that this rapid plasticity keeps the positional update in register with the animal's movement in the external world over behavioral timescales (mean 50 laps over 35 minutes). These results also demonstrate that visual landmarks Figure 1| Dome apparatus, experimental procedure, and sample data. a, Rendering of dome apparatus. The projection surface is rendered semi-transparent for illustrative purposes. b, Photo of the apparatus. The dome is raised in the photo to allow visualization of the interior, but it is lowered as in (a) for the experiment. c, Illustration of experimental gain G. From the same initial positions of the landmarks and rat, three different gain conditions are shown, in both lab (top) and landmark (bottom) frames of reference. In each case, the rat runs 90° in the lab frame.
not only provide a signal to correct cumulative error in the path integration system, as has been previously shown 1, 5, [13] [14] [15] [16] , but also rapidly fine-tune the integration computation itself.
Place cells and entorhinal grid cells have been implicated as key components of a path integration system in the mammalian brain [17] [18] [19] . Thus, we recorded place cells from area CA1 (Extended Data Fig. 1 ) in 5 rats as they ran laps on a 1.5 m diameter circular track. The track was enclosed within a planetarium-style dome where an array of three visual landmarks was projected onto the interior surface to create an augmented reality environment ( Fig. 1a,b) . In contrast to contemporary virtual reality systems [20] [21] [22] [23] where heador body-fixed rats fictively locomote on a stationary air-cushioned ball or treadmill, running on the circular track more completely preserves natural self-motion cues, such as vestibular, proprioceptive, and motor efference copy. To create the visual illusion that the animal was running faster or slower, the array of landmarks was rotated coherently as a function of the animal's movement.
Movement of the visual landmarks was controlled by an experimental gain, G, which set the ratio between the rat's travel distance with respect to the landmarks (landmark reference frame) and its travel distance along the stationary circular track (laboratory reference frame) ( Fig. 1c ). Recording sessions always began with G = 1 (Epoch 1), a control condition where visual landmarks remained stationary alongside the track, so that the rat traveled the same distance in both the landmark and laboratory frames (Fig. 1d ). The gain was then gradually changed over the course of multiple laps (Epoch 2) to become less than or greater than one.
For G < 1, the landmarks moved at a speed proportional to (but slower than) the rat in the same direction; hence, the rat ran a shorter distance in the landmark frame than in the laboratory frame. For G > 1, the landmarks moved in the opposite direction; hence, the rat ran a greater distance in the landmark frame than in the laboratory frame. In Epoch 3, G was held at a steady-state target value (G final ). In some sessions, the landmarks were then extinguished (Epoch 4) to assess whether the effects of gain adjustment persisted in the absence of the landmarks.
Under gain-adjusted conditions, CA1 units (mean 7.2 ± 5.8 S.D. units/session) tended to fire in normal, spatially specific place fields when the firing was plotted in the reference frame of the visual landmarks, but not when plotted in the reference frame of the lab (Fig. 1e) . The strength and continuity of visual cue control over the place fields is highlighted by special cases of G (Fig. 2) . As G was ramped down to 0, the place fields became increasingly large in the laboratory frame of reference ( Fig. 2a ; Extended Data Video 1). As G approached 0, individual units maintained normal place fields only in the landmark frame ( Fig. 2b) , which resulted in spiking activity that spanned multiple laps in the laboratory frame. When G was clamped at low integer ratios such as 1/2 or 3/1, the units showed stable spatial firing in both reference frames, but the firing maintained the typical pattern of one field/lap in only the landmark frame of reference ( Fig. 2c-f ). Remapping events sometimes caused different populations of place cells to be active at different times. For example, place cells active during the initial part of the session sometimes went silent (loss of field; Fig. 2e , yellow unit), and place cells silent during the initial part of the session sometimes began firing at a preferred location (gain of field; Fig. 2e , red unit). These examples illustrate that the landmark array exercised robust control over the place fields (even the remapped fields), outweighing any subtle, local cues on the apparatus as well as nonvisual path integration cues, such as vestibular or proprioceptive cues. The same spikes in the landmark frame. Alternate gray and white bars indicate laps in this frame. The yellow unit initially fired weakly during the first 8 laps, became stronger on laps 9-10, and maintained the strong field in the landmark frame throughout the remainder of the session. During the last landmark-frame lap, the unit fired as the rat completed ~3 laps in the laboratory frame (middle), thus elongating the place field in that frame to encompass ~1080° of cumulative track angle. b, Rate maps of the red unit in laboratory and landmark reference frames for Epoch 2 of the trial shown in (a). The firing rate is low and diffusely distributed in the laboratory frame, whereas there is a well-defined place field in the landmark frame. c, Epochs 1-3 of a session where the G final was 2 (same format as (a)). In Epoch 3, all three units maintain normal spatial firing in the landmark reference frame, but they have 3 fields/lap, separated by 120°, in the laboratory frame. d, Rate maps of the red unit for Epoch 3 of the trial shown in (c). e, Epochs 1-3 of a session where the G final was 0.5. Remapping occurred near the transition between Epoch 2 and Epoch 3, as the previously silent red unit became active and maintained a stable place field in the laboratory frame. In the laboratory frame, however, the unit fired every other lap, (i.e., it was active on the gray laps and silent on the intervening white laps). f, Rate maps for the red unit for Epoch 3 of the trial shown in (e). Separate rate maps are shown for the odd-and even-numbered laps in the laboratory frame. g, Coherence of the population response. Almost all units had only a very small deviation from the population gain (see Methods, Population coherence), indicating that the place fields acted as a coherent population in sessions with (blue) and without (pink) landmark control (see panel h). Units with coherence score above 0.1 (range 0.12 -0.47) were combined in a single bin. h, Landmark control ratio is the average H/G over Epochs 1-3 of a single session (see Methods, Landmark control ratio). In most sessions (blue), the landmark control ratio was ~ 1, indicating strong control of the landmarks over the place fields. However, in a substantial minority of experiments (pink) the landmarks lost control of the place fields. Sessions with gain ratio above 1.1 (range 1.16 -4.02) were combined in a single bin. i, Spatial information scores in the lab and landmark frames for each rat. Small dots represent scores from individual units. Mean (large dots) ± s.e.m. are shown.
To quantify the degree of cue control over the population of recorded place cells, we developed a novel decoding algorithm that was robust to the remapping events described above. We measured each unit's spatial frequency (i.e., the frequency of repetition of its spatial firing pattern) to compute a hippocampal gain, H, from the place-cell ensemble in each session (Methods, Estimation of hippocampal gain; Extended Data. Fig. 2 ). Just as G quantifies the ratio between the rat's travel distance in the landmark frame versus laboratory frame, H quantifies the ratio between the rat's travel distance in the internal hippocampal "cognitive map" frame 24 versus the laboratory frame. Hence, if the hippocampal cognitive map is anchored to the landmark reference frame, then the experimental and hippocampal gains should be identical (G = H). Estimates of H using individual units were highly coherent with the population estimate (the median estimate from all individual units that were active during a given set of laps; Fig. 2g ). Hence, the population of place cells acted as a rigidly coordinated ensemble from which a precise estimate of H could reliably be computed.
We quantified the degree of cue control in each session by computing the mean ratio H/G for the session; H/G close to 1 indicates that the cognitive map is anchored to the landmark frame. The majority of sessions (83.33%, 60/72) exhibited H/G near 1, but the rest showed substantially larger H/G (> 1.1) indicating loss of landmark control ( Fig. 2h ; Extended Data. Fig. 3 ). For those sessions with H/G < 1.1, the spatial information per spike in the landmark frame far exceeded that in the laboratory frame ( Fig. 2i ; paired t-test, n = 5 rats, t 4 = 6.213, p = 0.0034). We restricted further quantitative analyses to these sessions, which we defined as demonstrating 'landmark control'. These results indicate that the augmented reality dome was successful in producing the desired illusion by strongly controlling the spatial firing patterns of the hippocampal cells in the majority of sessions (Extended Data. Figs. 4, 5) .
Despite strong cue control in the majority of sessions, place fields tended to drift by a small amount against the landmark frame on each successive lap (e.g., bottom panels in Figs. 2a,c,e, 3a,b, and 4a,b; Extended Data. Fig. 6 ) leading to total drifts of up to ~80° over the course of a session. As G was decreased or increased in Epoch 2, place cells tended to fire earlier or later, respectively, in the landmark frame with each successive lap ( Fig. 3a,b ).
The accumulated drift over each session was linearly correlated with G final during Epoch 3 for that session (n = 55 sessions, r 53 = 0.61, p = 7.2 x 10 -7 ; Fig. 3c ). The direction of this systematic bias was consistent with a continuous conflict between the dynamic landmark reference frame and a path-integration-based estimate of position (although we cannot rule out the possible contribution of subtle uncontrolled external cues on the track or in the laboratory). That is, when path integration presumably undershot the landmark-defined location systematically (G < 1), the place fields shifted slightly backwards in the landmark frame; conversely, when path integration overshot the landmarks (G > 1), the place fields shifted forward. Figure 2 . (bottom) The same spikes in the landmark frame. The unit was silent for the first 12 laps but developed a strong place field in the landmark frame. However, there was a slow, positive drift (i.e., in the same direction as the animal's movement) over the course of the session. b, Example of negative drift. Same format as (a). The G final was 0. In the landmark frame, the slow drift was in the negative direction (i.e., opposite to the animal's movement direction). c, Drift over the entire session vs. G final . Each point represents an experimental session. Linear fits are shown for each individual rat (colored lines) and for the combined data (black line). The two example sessions shown in (a) and (b) are shown with the circled markers.
Given the apparent influence of the path-integration circuit revealed by systematic place field drift even in sessions with strong landmark control, we tested whether anchoring of the cognitive map to the gain-altered landmark induced a recalibration of the path integrator that persisted in the absence of landmarks. Such recalibration would be evidenced by a predictable change in the hippocampal gain H when visual landmarks were extinguished ( Fig. 1d, Epoch 4 ). If the path integrator circuit were unaltered, one would expect that the place fields would revert to the laboratory frame of reference (H there was a clear, linear relationship between G final and the hippocampal gain H estimated during the first 12 laps after the landmarks were turned off (n = 38 sessions, r 36 = 0.94, p = 7.9 x 10 -19 , Fig. 4c ). Moreover, this linear relationship was maintained when H was estimated during the next 12 laps (n = 18 sessions, r 16 = 0.87, p = 3.37 x 10 -6 , Fig. 4d ). The values of H for the first and second 12 laps were highly correlated (n = 18 sessions, r 16 = 0.972, p = 1.72
x 10 -11 , Fig. 4e ) with a slope near 1. Thus, H was stable over at least 18 laps (i.e., the middle of the second estimation window). Despite this overall stability, there were still dynamic fluctuations in H in the absence of landmarks ( Fig. 4f , Extended Data. Fig. 7 )
Using a novel augmented reality dome apparatus, we show here that the hippocampal path integration system employs a modifiable gain factor that can be recalibrated in a longlasting manner. This sustained recalibration can be detected from the spiking activity of hippocampal place cells. Recalibration of this nature has been described extensively in other systems. The cerebellum plays a key role in recalibration of feedforward motor commands during reaching tasks in artificial force fields and during walking on split-belt treadmills 25 . For all sessions from one rat, H is plotted as a function of laps run in the lab frame. All the sessions are aligned to the instant when the landmarks were turned off (lap 0). The recalibrated H was maintained for as many as 50 laps or more.
Similarly, the gain of the vestibulo-ocular reflex adapts to changes in the magnitude of retinal slip caused by magnifying glasses, an effect that persists even after the glasses are removed 26 . However, to our knowledge, analogous gain recalibration has not been demonstrated physiologically in cognitive phenomena such as spatial representation and path integration (but see 12 ) . The lack of complete recalibration may be due to an insufficient number of training laps during Epoch 3, or may reflect inherent limits on the plasticity of the path integrator gain variable.
It is widely accepted that visual landmarks provide a signal to correct error that accumulates during path integration 27 . The results in this paper demonstrate physiological evidence for a role of vision in the path integration computation itself by providing an error signal analogous to retinal slip in the VOR 26 . Specifically, this error signal fine-tunes the gain of the path integrator 12 , minimizing the accumulation of error in the first place. Although it perhaps would not have been surprising to observe gain recalibration over developmental time scales, the rapid recalibration reported in this paper indicates that the path integration gain is constantly and actively fine-tuned even at behavioral time scales. This fine-tuning may be required to (a) maintain accuracy of the path integration signal under different behavioral conditions (e.g., locomotion in the absence of salient landmarks; locomotion on different surfaces that provide varying degrees of slip and cause alterations in the selfmotion inputs to the path integrator); (b) synchronize the different types of self-motion signals (e.g., vestibular, optic flow, motor copy, or proprioception) thought to underlie path integration; and (c) coordinate the discrete set of different path integration gains thought to underlie the expansion of grid scales along the dorsal-ventral axis of the medial entorhinal cortex 9, 28, 29 . The recalibration might be implemented by changes to the gain of head direction 30 or speed 31, 32 signals that provide input to a path integration circuit. Alternatively, these representations may be unaltered and the gain changes are implemented by changing the synaptic weights between the inputs and putative attractor networks that perform the path integration [6] [7] [8] 10 . The augmented reality system described here will allow the investigation of mechanisms underlying the interaction between external sensory input and the internal neural dynamics at the core of the path integration system. A camera was mounted next to the hole at the top of the dome and was hidden from the animal using an annular, concentrically mounted one-way mirror that encircled the hole, occluding the camera from view. The camera provided an overhead view of each experiment, which allowed observation of the experiments and experimenter intervention when necessary (e.g., if the rat broke free from the harness).
Training. Over 2-3 days, we familiarized the rats to human contact and to wear the body harness. The rats were placed on a controlled feeding schedule to reduce their weights to ~80% of their ad libitum weight, whereupon they were trained to run for food reward (either Yoo-hoo ® or 50% diluted Ensure ® ) on a training table in a different room from the experimental room. The training setup had a similar radial arm and chariot as the main apparatus, but without the surrounding virtual environment. Once the rats were consistently running 30-40 laps without human intervention on the training table, we moved them into the dome and trained them until they ran 30-40 laps in the presence of stationary visual cues.
Training usually took 2-3 weeks.
Electrode implantation and adjustment. After training, rats were implanted with hyperdrives containing 6 (2 rats) or 12 (3 rats) independently movable tetrodes. Following surgery, 30 mg of tetracycline and 0.15 ml of a 22.7% solution of enrofloxacin antibiotic were administered orally to the animals each day. After at least 4 days of recovery, we began slowly advancing the tetrodes and resumed food restriction and training within 7 days of surgery. Once the tetrodes were close to CA1 they were advanced less than 40 µm per day.
Once the tetrodes were judged to be in CA1, as confirmed by sharp wave/ripples in EEG signals and the presence of isolatable units, and the animal was again running at least 30 laps inside the dome, the experimental sessions began.
Neural recording. During sessions, the rat was attached to the chariot arms and a unitygain headstage was attached to its implanted hyperdrive. The neural signals passed through the commutator and were filtered (600-6000 Hz), digitized at 32 kHz, and recorded on a computer running the Cheetah 5 recording software (Neuralynx Inc., Bozeman, MT).
Simultaneously, EEG data from each tetrode was filtered (1-475 Hz), digitized at 33 kHz, and stored on the computer. Pulses sent from the experiment-control computer (see below)
were time-stamped and recorded as events on the neural recording computer to allow the post-hoc synchronization of the data streams recorded on the two computers. Experimental procedure. On each experimental day, baseline data were recorded from the rat for 20 minutes before and after the session while it slept or rested quietly in a towel-lined dish on a pedestal. These sleep data were used post-hoc to confirm recording stability of single units during the trials. During the sessions, the experimenter went into the dome with the rat and always attached the rat to the harness at the same starting location relative to the landmarks (which always were located at the same locations relative to the laboratory frame of reference). After ensuring that the rat was running with a natural gait, the experimenter left the dome. The progress of the session was monitored using the overhead camera, and the experimenter only interfered in cases when the rat partially broke free of the harness, stopped running for long periods, or was running with an unnatural gait.
The session duration varied depending on the running speed of the rat and on how many laps were planned for that session (e.g., ramps to smaller gain values required fewer laps to run the experiment). On days with short sessions, a second session was sometimes run after a short rest duration. The rat was taken out and placed on the pedestal between sessions, to keep the initial conditions consistent. Except on some days where landmarks were kept stationary for the whole duration of the experiment, we took the rat out of the dome only during Epoch 4 (no landmarks inside dome). We used gain ramp rates during Epoch 2 ranging from 1/128 to 1/26 (gain change per lap).
Experimental gain selection and gain ramp rates.
Data analysis. Data from the two experiment computers were synchronized using the paired pulses, and all data were transformed into the same set of timestamps. For each triggered spike waveform, features such as peak, valley, and energy were used to sort spikes using a custom software program (WinClust; J. Knierim). Cluster boundaries were drawn manually on 2-dimensional projections of these features from two different electrodes of a tetrode. We mostly used maximum peak and energy as features of choice; however other features were used when they were required to isolate clusters from one another. Clusters were assigned isolation quality scores ranging from 1 (very well isolated) to 5 (poorly isolated) agnostic to their spatial firing properties. Only clusters rated 1-3 were used for all quantitative analyses in the main text.
To be included in the quantitative analyses, sessions were required to meet the following criteria: (1) sessions with landmark manipulation were completed and the rat was removed in the absence of landmarks, and (2) there were no major behavioral issues / long manual interventions during the session. For the 72/88 sessions meeting these criteria, spikes that occurred when the rat's movement speed was < 5°/s (~ 5 cm/s) were removed. For each unit, the number of spikes fired when the rat occupied a 5° bin was divided by the time the rat spent in the bin to compute the firing rate. The firing rate was further smoothed with a Gaussian filter of standard deviation 4°. Single units were classified into putative pyramidal cells and putative interneurons by separating them based on firing rate, spike duration, and the autocorrelation function 34 . Only the putative pyramidal cells were used for the main analyses, and the putative interneurons are described in Extended Data Fig. 8 .
Spatial information scores were computed by binning and determining firing rates of spikes in both the laboratory and the landmark frames of reference, as described above. If the occupancy-corrected firing rate in bin ݅ is ߣ , then information score is computed as:
is the total number of bins, and ߣ is the mean firing rate 35
Estimation of hippocampal gain, H. A rat's position can be decoded from a population of simultaneously recorded place cells using established techniques [36] [37] [38] . However, these techniques use an independent dataset to train an estimator and require that the spatial coding be unchanged during the testing phase. In our experiments, there were often remapping events during the gain manipulation epochs, as some units lost their firing fields and other units, which were previously silent, gain place fields on the track. This remapping was typically not all-or-none; rather, different place fields would appear or disappear at different times in the experiments (e.g. Figs. 2c,e, 4a,b) . Although the new place fields changed their firing locations coherently with the existing place fields during the experimental manipulations, extensive remapping causes classic population decoding methods to become less accurate or to fail entirely. To solve this problem, we took advantage of the periodicity of firing of the place fields as the rats ran laps on the circular track to measure the spatial frequency of the population representation. This spatial frequency is insensitive to the specific place cells that are active at any given moment and it thus forms the core of a spectral decoding technique robust to remapping (Extended Data Fig. 2 ).
The frequency estimate is termed the 'hippocampal gain', H. A typical place cell with a single field on a circular track exhibits one field/lap, and hence H should be 1/lap (Fig. 1e ). As the visual landmarks are moved at an experimental gain G, the rat encounters each landmark every 1/G laps. If the place fields are controlled by landmarks, i.e., they fire every lap at the same location in the landmark reference frame, the value that we estimate for H should be similar to the value of G. For example, when
, there should be one field every two laps, and thus ‫ܪ‬ ൌ 1 / 2 ( Fig. 2c,d) , and for
‫ܩ‬ ൌ 3
, there should be 3 firing fields per lap, and thus ‫ܪ‬ ൌ 3
( Fig. 2e,f) .
H is estimated independently for all well-isolated units that fire at least 50 spikes per session while the rat is running faster than 5°/s. The spatial spectrogram of the firing rate of each unit was computed at spatial frequencies (i.e., the frequency of repetition of its spatial firing pattern per physical lap) between 0.16/lap and 6/lap, using a sliding window of size 12 laps applied at increments of 5°. The spectrogram was further sharpened using the method of reassignment, which can be used when the input signal contains sparse periodic signal sources 39 . The original spectrogram was also thresholded to the mean + K times standard deviation (K between 1.1 and 2 based on visual inspection of the raw spectrogram) of its power at each spatial window; this thresholding was then applied to the sharpened spectrogram to improve the signal-to-noise ratio of the spatial frequency content.
The spectrogram can have substantial power in the harmonics of the fundamental frequency, requiring a method to reliably find the fundamental. The gain estimation algorithm identified peaks in the autocorrelation of the spectrogram at each spatial window. Since these peaks typically lie at the fundamental frequency and its harmonics, the fundamental frequency should be both the lowest peak and the difference between peaks. If the median of the difference between peaks was an integer multiple of the lowest peak, the lowest peak was considered the fundamental frequency, and all the power in the reassigned spectrogram further than 0.1 Hz from the fundamental was set to zero (if not, the spectrogram was used as-is). This process was repeated for each spatial window. Finally, the maximum-energy trajectory from the reassigned spectrogram was extracted, and this trajectory formed the time-varying gain estimate for that particular unit. In some cases a particular unit did not produce sufficient spiking activity to generate an estimate for a given window; entries for which there was no estimate were set to NaN in MATLAB for computational convenience.
The hippocampal gain estimate for each window for the population was calculated using MATLAB's nanmedian function across all units under consideration. If there were no active units during a given window (all NaNs) then the value for H was set to NaN for that window.
Visualizing H. For each experimental session, H can be plotted as a function of angular displacement of the rat (e.g., Fig. 3a,b, Fig. 4a,b ). It is important to note that each estimate is correlated with neighboring estimates due to the 12-lap sliding window. Estimates that are 12 laps apart are calculated from independent data. The estimate at any given angular position is "non-causal" in the sense that it uses neural data from ±6 laps centered around that angular position. This creates the illusion that H "anticipates" the extinguishing of landmarks ( Fig. 4a ,b,f, Extended Data Fig. 7 , Extended Data Fig. 8a,b) . Inspection of the raw spikes readily verifies that this is an artifact, but this artifact does not affect any of the interpretations in this paper. We compared the recalibrated gain at lap 6 with the value of H at lap 18 (the first point at which the 12-lap spectrogram windows do not overlap).
Histology. Once experimental sessions were complete, rats were transcardially perfused with 3.7% formalin. The brain was extracted and stored in 30% sucrose formalin solution until fully submerged, and sectioned coronally at 40 µm intervals. The sections were mounted and stained with 0.1% cresyl violet, and each section was photographed. These images were used to identify tetrode tracks, based on the known tetrode bundle configuration. A depth reconstruction of the tetrode track was carried out for each recording session to identify the specific areas where the units were recorded.
Statistics.
Parametric tests were used to determine statistical significance. Pearson product-moment correlations were used to test the linear relationship between variables.
Paired, 2-sided t tests were used to compare information scores in the laboratory and landmark frames of reference, which assumes normality. To prevent sampling the same cells across days for this analysis, the experimental session with the greatest number of units was chosen for each rat and for each tetrode.
Data availability. The datasets used in this study are available from the corresponding author upon reasonable request.
Code availability. Custom code was written for analyzing the datasets used in this study, and generating figures for this manuscript. This codebase is versioned, and uses several third party packages whose license files are included with the respective code. Access to the codebase can be provided by the corresponding author upon reasonable request. Overhead videos (8x speed) of the rat running in the dome apparatus as viewed with respect to two distinct frames of reference, synchronized to the time marker in the left plot. Videos show the last ~ 6.5 laps (~ 8 min in real time) of Epoch 2 (G ramps to 0). The circular object in the center is the hemispherical mirror (not visible to the rat) used to project images to the inside surface of the dome. Reflections of the three landmarks as well as the annular ring can be seen in the mirror (a small lens artifact also appears on the mirror but was not visible to the animal). Spikes from the same three putative pyramidal cells (red, blue, yellow) are shown at the angular position of the rat. 
